Aims The study evaluated exercise left ventricular global longitudinal strain (LVGLS) and invasive haemodynamics for major adverse cardiac events (MACE) prediction in heart-transplanted (HTx) patients.
Introduction
Heart transplantation (HTx) remains today the optimal treatment for symptomatic end-stage heart failure patients. Along with immunosuppressive therapy, preoperative and postoperative management and surveillance have improved during recent decades. Yet these efforts have only translated into an improved outcome during the first year after HTx whereas survival beyond the first year remains unchanged.
1
Analysis of International Society for Heart and Lung Transplantation (ISHLT) registry data shows that cardiac allograft vasculopathy (CAV) and graft failure are among the major long-term heart-related mortality causes.
1 While mild-tomoderate acute cellular rejection (ACR) is commonly seen after HTx, ACR rarely directly leads to death. 1 Yet its appearance is strongly associated with long-term myocardial dysfunction 2 and CAV development. 3 Therefore, it seems of paramount importance to identify HTx patients with early signs of graft dysfunction in order to avoid that symptomatic graft failure develops. Longitudinal myocardial deformation assessment by left ventricular global longitudinal strain (LVGLS) has emerged as a robust method for assessment of subclinical myocardial dysfunction induced by ACR 4, 5 or CAV. 6 Furthermore, resting LVGLS has proven beneficial for risk stratification both early 7, 8 and late following HTx, 9 whereas the prognostic value of exercise myocardial deformation analysis remains unknown. Right heart catheterization (RHC) remains the gold standard for evaluating loading conditions, pulmonary vascular resistance, and cardiac output. In the post-transplant setting, RHC is often performed in symptomatic patients and can be used for classification of CAV severity with assessment of left ventricular (LV) and right ventricular (RV) filling pressure.
10
Previous studies have demonstrated that loading conditions in patients with CAV are often within the normal range during resting conditions. 11, 12 With exercise, LV and RV filling pressure increases are more pronounced in HTx patients than should be expected from studies in healthy individuals.
13
Exercise-induced elevated LV filling pressure has been associated with CAV and previous rejection burden. 12 However, little is known about the prognostic value of invasive haemodynamic parameters in long-term follow-up HTx patients. Thus, the present study aimed to evaluate the prognostic value of exercise myocardial deformation and invasive haemodynamics in long-term HTx patients.
Methods Patients
We enrolled 74 stable consecutive HTx patients who were followed at the Department of Cardiology, Aarhus University Hospital, Denmark, from August 2013 to January 2017. All patients were transplanted a minimum of 12 months before study entry and were included at the time of their routine annual coronary angiography. A comprehensive echocardiographic assessment of myocardial function was performed at rest and simultaneously with exercise RHC. The haemodynamic and echocardiographic data from a subgroup of the patients formed part of previous publications.
12,14,15
The patients were followed prospectively from the time of exercise test until death or censoring on the 10 October 2018, whichever came first. The primary endpoint was major adverse cardiac events (MACE) during follow-up. MACE included (i) coronary event, defined as (a) severe new coronary stenosis (≥70%) or (b) new percutaneous coronary intervention (PCI); (ii) hospitalization due to heart failure, defined as need of intravenous diuretics or inotropes; (iii) treated antibody-mediated rejection or ACR episode (≥2R); and (iv) cardiovascular death. The secondary endpoint was coronary events during follow-up. Patients who experienced MACE were stratified at the time of their first MACE episode. We included severe stenosis without PCI in the definition of coronary event. CAV is often clinically silent and the vessels diffusely affected. Therefore, the lack of PCI does not rule out severe CAV progression. In patients with established CAV at baseline, CAV progression was defined as new coronary branch stenosis (≥70%) or new occluded vessels or PCI treatment. Event adjudication was performed by two independent reviewers (T. C. and S. H. P.) blinded to baseline echocardiographic results and RHC data. If there was doubt about the adjudication, a third reviewer (H. E.) was asked and decided on the type of event. Death was defined as cardiovascular death if no non-cardiovascular reason was revealed.
Right heart catheterization and exercise protocol Right heart catheterization was performed with a standard 7.5-F triple-lumen Swan-Ganz thermistor using a balloontipped catheter (Edwards Lifesciences, Irvine, California, USA). The catheter was introduced into the right jugular vein using an ultrasound-guided technique and advanced pressure waveforms, and guided into the pulmonary artery using fluoroscopy. A comprehensive, direct, and indirect assessment of haemodynamic parameters was performed at rest and during exercise, as described in a previous publication.
12
A multistage symptom-limited, semi-supine bicycle exercise test was performed using the Cardiac Stress Table (Lode B.V., Netherlands). Workload started at 0 W and was increased by 25 W every 3 min. The patients were explicitly encouraged to maintain a fixed pedalling speed of 60 rounds per minute and to exercise until exhaustion (Borg >18). pulmonary artery pressures, pulmonary capillary wedge pressure (PCWP), cardiac output by thermodilution, and arteriovenous oxygen content difference. We used mRAP and mPCWP as markers of RV and LV filling pressure.
Transthoracic echocardiography
We used a commercially available ultrasound system (Vivid 9, GE Healthcare Horten, Norway) with a 3.5-MHz-phased array transducer (M5S). The frame rate was adjusted to increase 60 frames per second.
At each stage of exercise, the LV ejection fraction (LVEF) was measured based on the biplane method of discs.
17 Peak LV systolic mitral annular velocity (LVS 0 ) was estimated from the colour-coded tissue velocity image as an average of septal, lateral, anterior, and posterior velocities. The magnitude of systolic LVGLS 18 was obtained from frame-by-frame tracking of speckle patterns throughout the left-sided myocardium in standard two-dimensional (2D) cine loops. The region of interest was manually adjusted for optimal tracking results. Segments with an unacceptably low visual tracking quality were excluded. LVGLS was calculated at the time in systole when the value peaked using a 17-segment model. 19 The systole was defined as the time from aorta valve opening to aorta valve closing. Our group has previously reported repeatability of LVGLS and found a very low intra-observer and inter-observer variation both at rest and during exercise.
5,20
Data were analysed offline using dedicated software (EchoPAC PC SW-Only, 113, GE-Healthcare, Milwaukee, Wisconsin, USA) by a single investigator (T. C.) who was blinded to clinical status and invasive measurements.
Coronary angiography
Coronary angiography was performed annually or biannually through a 6-F sheath inserted into the femoral artery. We used the ISHLT guidelines to classify the CAV burden.
10 Patients with previous percutaneous intervention were classified as CAV 2 despite no present diameter stenosis ≥70% due to the common conception that the diffuse nature of CAV leads to affected epicardial as well as microvascular vessels.
Rejection burden
Biopsies were obtained routinely during the first two postoperative years. Subsequently, biopsies were drawn only if rejection was clinically suspected. ACRs were graded according to ISHLT guidelines (1R-3R). 21 All rejections ≥2R were treated with intravenous methylprednisolone 1 g for 3 days, and basal oral immunosuppression was adjusted if necessary.
Biopsy-score was calculated as: Biopsy-score = (number of 1R rejections * 1 + number of 2R rejections * 2 + number of 3R rejections * 3)/total number of biopsies taken.
Statistical methods
Normally distributed data are presented as mean ± standard deviation; non-normally distributed data are presented as median and interquartile range [IQR] . Categorical data are presented as absolute values and percentages. Histograms and Q-Q plots were used to check continuous values for normality of the data distribution. Between-group differences were assessed by Student's t-test. Sensitivity and specificity were obtained by receiver-operating characteristic curves.
Optimal between-group cut-off points for echocardiographic and haemodynamic parameters were defined as the intersection points of sensitivity and specificity in the receiveroperating characteristic curves. Time-to-event data were evaluated by Kaplan-Meier estimates and Cox proportional hazards methods. Hazard ratios (HRs), 95% confidence intervals (CIs), and two-sided P values were calculated using the Cox models. A multivariable Cox regression model was used to correct for time since transplantation. P values <0.05 were considered statistically significant. Analyses were performed using STATA (STATA/IC 13, StataCorp LP, Texas, College Station, USA). During follow-up, 30 HTx patients experienced at least one MACE episode. A total of 7 (9%) patients suffered treatmentdemanding rejections, 11 (15%) patients were hospitalized due to heart failure, 23 (52%) patients suffered a coronary event, and 8 (11%) patients died from cardiovascular disease. A total of eight patients died due to non-cardiovascular disease. Table 1 presents the baseline demographics of the MACE group and the no-MACE group. As expected, time since transplantation was significantly longer in the MACE group than in the no-MACE group (P < 0.01). The former had more prevalent CAV (P < 0.0001) than the latter. We found no betweengroup difference in rejection burden, creatinine levels, and haemoglobin. In contrast, patients in the MACE group had significantly higher Troponin-T (P < 0.05) and Nt-Pro-BNP levels (P < 0.05) than patients in the no-MACE group.
Results

Patient demographics
Outcome prediction in HTx patients by exercise haemodynamics Echocardiographic graft function in the major adverse cardiac events group versus the no-major adverse cardiac events group Patients who suffered MACE had an impaired resting systolic function in form of a lower LVEF (56 ± 12% vs. 65 ± 7%, P < 0.001), LVGLS (13 ± 4% vs. 16 ± 2%, P < 0.01), and LVS 0 (5.4 ± 1.3 cm/s vs. 6.2 ± 1.1 cm/s, P < 0.01) than patients without MACE episodes. In contrast, resting diastolic filling patterns were comparable between patients suffering from MACE and patients without MACE (E/A ratio 2.1 ± 0.7 vs. 2.0 ± 0.7, P = 0.43; E-deceleration time 162 ± 59 ms vs. 163 ± 37 ms, P = 0.95; isovolumetric relaxation time 72 ± 26 ms vs. 64 ± 17 ms, P = 0.11; E/e 0 ratio 11.5 ± 5.5 vs. 9.3 ± 5.2, P = 0.09). RV function by tricuspid annular plan systolic excursion (14.0 ± 4.3 mm vs. 14.4 ± 2.7 mm, P = 0.59) and RV S 0 (7.2 ± 2.4 cm/s vs. 7.7 ± 1.7 cm/s, P = 0.35) did not differ between MACE groups. However, patients suffering MACE during follow-up had significantly lower RV free-wall longitudinal strain (19 ± 6% vs. 22 ± 4%, P < 0.05) than patients without MACE. At peak exercise, LVGLS (15 ± 6% vs. 20 ± 4%, P = 0.0001) and LVEF (64 ± 13% vs. 72 ± 6%, P < 0.01) were significantly lower in patients suffering from MACE than in patients without MACE, Figure 1 .
In HTx patients, LVGLS both at rest and at peak exercise was weakly but significantly associated with PCWP (rest: r = À0.25, P < 0.05; peak: r = À0.31, P < 0.01), RAP (rest: r = À0.30, P < 0.01; peak: r = À0.38, P < 0.01) and cardiac index (rest: r = 0.35, P < 0.01; peak: r = 0.44, P < 0.001).
Invasive haemodynamics in the major adverse cardiac events group versus no-major adverse cardiac events group Table 2 shows invasive haemodynamics at resting and exercise conditions in HTx patients suffering from MACE and in HTx patients without MACE episodes during follow-up.
As depicted, the RV and LV filling pressures were higher in the MACE group than in the no-MACE group during resting conditions. Pulmonary arterial compliance and cardiac index tended to be lower in the MACE group than in the no-MACE group.
At peak exercise, we observed a significant difference in PCWP (P < 0.01), RAP (P < 0.01), and stroke volume (P < 0.01) between the MACE group and the no-MACE group. Primary endpoint: major adverse cardiac events prediction by echocardiographic graft function and invasive haemodynamics Table 3 shows the optimal cut-off points and the Cox regression analysis of the ability of echocardiographic parameters and invasive haemodynamics to predict MACE. At rest, RAP was the only parameter that predicted MACE. However, at peak exercise, RAP, PCWP, SVI, and cardiac index all predicted MACE, Figure 2 . We found that LVGLS was a strong MACE predictor both at rest and during exercise, Figure 3A . Data are presented as mean ± standard deviation. AV diff, arterial-venous saturation difference; CI, cardiac index; HTx, hearttransplanted; MACE, major adverse cardiac events; mPAP, mean pulmonary arterial pressure; mPCWP, mean pulmonary capillary wedge pressure; mRAP, mean right atrial pressure; PAC, pulmonary arterial compliance; PVR, pulmonary vascular resistance; SVI, Stroke Volume Index; SVRI, Systemic Vascular Resistance Index; TPG, transpulmonary pressure gradient.
Outcome prediction in HTx patients by exercise haemodynamics
The combined models of exercise LVGLS and haemodynamics in terms of peak exercise PCWP, RAP, and cardiac index were all strong predictors of MACE. The largest MACE risk was seen in patients with an exercise-induced LVGLS increase <3.5% and either peak exercise cardiac index <5. 9 Figure 3B . Similarly, patients with both resting LVGLS <15.2% and 3D-RVEF <51.7% had increased MACE risk compared with patients with LVGLS >15.2% and 3D-RVEF >51.7% [HR 4.4 (95% CI: 1.8-10.7), P = 0.001].
Secondary endpoint: coronary event prediction by echocardiographic graft function and invasive haemodynamics Table 4 shows the optimal cut-off points and the Cox regression analysis of the ability of echocardiographic parameters and invasive haemodynamics to predict coronary events during follow-up. Systolic function assessment by LVEF and LVGLS both at rest and at peak exercise predicted coronary events. The highest hazard was obtained by the deformation reserve in term of ΔLVGLS. RAP was a significant predictor of coronary events. The predictive ability increased during exercise. In contrast, PCWP did not predict coronary events and only CI at peak exercise predicted coronary events.
Discussion
This is the first study to evaluate the prognostic value of echocardiography assessed myocardial deformation and invasive haemodynamics during exercise in long-term HTx patients. The present study establishes normal values of invasive exercise haemodynamics in low-risk and high-risk HTx patients. We report the following main findings: (i) resting haemodynamic parameters were poor MACE predictors in long-term HTx patients. (ii) In contrast, peak exercise PCWP, RAP, and CI were significant MACE predictors. (iii) LVGLS both at rest and during exercise were significant MACE predictors, and (iv) the combined model with peak exercise LVGLS and peak exercise PCWP, RAP, and CI clearly identified high-risk HTx patients in relation cardiovascular end-points independently of time since HTx. Heart-transplanted patients undergo routine graft function surveillance to detect graft dysfunction and deterioration. This traditionally involves echocardiographic assessment of systolic function by LVEF and diastolic function by trans-mitral diastolic doppler flow and in some centres resting RHC. Even though this is performed routinely, the ability of these parameters to detect important cardiac hazards 24 The present study extends the support of LVGLS; hence, we demonstrated a strong prognostic value of LVGLS during exercise. Even though LVGLS may harbour great value in the surveillance of HTx patients, this parameter does not directly reflect LV and RV loading conditions. Theoretically, LV and RV loading conditions can be estimated by the trans-mitral and trans-tricuspid diastolic doppler filling pattern. However, several studies document a poor relation between the invasive filling pressure and the echocardiographic filling pattern in HTx patients.
11,25 Therefore, LV and RV filling pressure should be evaluated by RHC. As graft failure remains an important late mortality cause after HTx, optimization of graft function surveillance has been a major issue for decades. Studies of invasive haemodynamics demonstrate that resting LV and RV filling pressures tend to normalize in most HTx patients during the first months after surgery, whereas pulmonary arterial compliance remains reduced. 23, 26, 27 The results of the present study are in line with previous studies as we found resting LV-filling and RV-filling pressures within the normal range in most patients. However, the haemodynamic response to exercise is clearly abnormal in HTx patients. Thus, the CI increase is lower than expected from studies in healthy individuals. 12 This documented inability to in- The distinct differences in haemodynamics at peak exercise between HTx patients and healthy controls emphasize that assessment of invasive haemodynamics during resting conditions falls short as a measure of systolic and diastolic graft performance. Exercise testing should therefore be considered during haemodynamic graft function assessment in HTx patients as also recommended in heart failure patients with preserved LVEF. 33 The majority of HTx patients with elevated LV filling pressure during exercise do not suffer severe CAV or high rejection burden. 12 The prognostic result of these hazards may be reflected in the LVGLS magnitude. As a showed that LVGLS and resting RAP at 1 year were complementary in assessing the 5-year outcome after HTx. Our results support the findings in the previous study and suggest that exercise testing provides incremental value to the resting parameters. Notably, the time since HTx in our study and in the study by Kobayashi and colleagues are different. At 1 year after HTx, elevated RAP may be due to pulmonary stiffness induced by pre-transplant pulmonary hypertension. 27 However, in long-term patients, as seen in the present study, the most likely causes of graft dysfunction are microvascular and macrovascular CAV and myocardial fibrosis. The effects of these hazards include perfusion and energy-starved LV and RV myocardium during exercise characterized by a poor inotropic reserve and compensatory, elevated filling pressure. Exercise haemodynamics therefore had prognostic value adding to that of resting haemodynamics and myocardial deformation by identifying patients with compensated heart failure during resting conditions. Future studies should evaluate if risk stratification by exercise haemodynamic and LVGLS can be used for individualized medical therapy with a view to loading optimization, anti-ischaemic medication, aggressive cholesterol-lowering therapy, and optimized immunosuppression. In the interim, patients with an abnormal haemodynamic profile or LVGLS should be followed with frequent graft function and CAV surveillance.
Conclusions
Left ventricular and RV filling pressure at peak exercise predicted MACE in long-term HTx patients. Furthermore, the study demonstrated that a combined model of exercise echocardiographic derived myocardial deformation and invasive haemodynamics was found to be the strongest model for MACE prediction.
Limitations
The present study reflects the experience of a single centre with a relatively small number of patients. Yet long-term HTx patients are high-event patients as also documented in the present study in which 41% (30/74) of the patients experienced MACE. Due to the relatively small cohort of patients, we were unable to simultaneously control for several variables. Furthermore, we were unable to determine if the hazard changed with increasing time since transplantation. However, we controlled the results for the influence of time since transplantation. In our study, we included patients with established CAV. The calculated cut-off values cannot be directly transferred to de novo patients. Furthermore, we calculated optimal cut-off points and tested these in the same cohort of patients. Therefore, the presented results reflect the best-case scenario. The calculated cutoff points should be tested in a larger independent cohort of HTx patients to evaluate if exercise testing provides incremental value to resting assessment in both patients with and without established CAV.
